an extent that it is negligible compared with the normal drift. In order therefore to ascertain how it depends on temperature and the applied frequency and amplitude, the experiments described below have been made as direct determinations of the irreversible heating in iron ammonium alum. No attempt has been made in them to use the A.C. method of temperature measurement, as obviously this would introduce an error due to the effect under in vestigation; instead, the inductances and temperatures were determined by the ordinary ballistic galvanometer arrangement already available. The apparatus and procedure for cooling the sub stance are essentially those described by Kiirti and Simon (1935) . In some of the preliminary experiments a metal calorimeter was used, but most of them were made using a glass calorimeter (ordinary soft glass) to ensure that there was no additional heating by con duction through gas liberated from the metal walls by induced eddy currents. The general arrangement of the part of the apparatus lying below the helium liquefier is shown in fig. 1 . Powdered iron alum is compressed into a cylindrical pellet P 3 cm. long, 0-7 cm. in diameter, which rests on a glass bead B. This is supported by the cap at the bottom of the calorimeter, which is a ground joint greased in the ordinary way. Helium gas can be admitted to the space immediately round the salt to produce thermal contact with the container for the thermometer calibration and during magnetization, but this space is otherwise continuously evacuated through the tube L. The space between the inner and outer walls of the calorimeter is filled through the tube R with liquid helium H which thus almost en tirely surrounds the salt. After calibration of the thermometer in the range 4-1° K. this liquid helium is L and R leading up from the calorimeter are joined by copper-to-glass seals to copper tubes coming from the helium liquefier.
The calorimeter is separated from the liquid hydrogen by a vacuum case G 05 mm. thick made in German silver to reduce magnetic screening, and the measuring coils are wound on a bakelite former F which slips on to the vacuum case. With this arrangement the coils are permanently immersed in liquid hydrogen during an experiment so that the resistance to inductance ratio is very low. There are two identical secondaries S of 5000 turns of 47 gauge copper wire, one surrounding the salt, and one well away from it to act as compensator. Twenty-three turns per cm. of 34 gauge copper wire are wound uniformly over the whole former to act as primary. Thermometer calibration and demagnetization procedure are described in the paper (Kiirti and Simon 1935) previously referred to. Large magnet pole-pieces are used to ensure that the salt is cooled uniformly.
A l t e r n a t in g Cu r r e n t H e a t in g s Alternating current from an oscillator and amplifier can be passed through the primary coil, which for this purpose is switched out of the ballistic circuit. A heating experiment is carried out in the following manner. The temperature drift is measured for some minutes, and then the primary circuit is switched over to the alternating current for a period of 1-5 min. The drift is afterwards measured again. Drift measurements and heatings are alternated throughout the course of the experiment.
Two frequencies were used, 455 and 328 c./sec., which were checked by comparison with tuning forks. The A.C. passed through the coil was measured by a thermal converter and mi lli volt meter, and gave a field of 2-10 gauss at the pellet.
H e a t Ca p a c it y o f t h e P e l l e t
To convert a measured temperature rise into heat energy it is necessary to know how the specific heat of the salt varies with temperature. This was determined in a separate experiment in which the cooled salt was heated by y-rays; y -ray heatings and drift measurements were alternated in a manner similar to that just described. The results obtained in this way fix the relative values of the specific heat, and can be converted into absolute values from the known specific heat of iron alum at 0T°K. (Kiirti, Laine and Simon 1937) . The temperature scale obtained by extrapolating Curie's law is to some extent arbitrary in that it depends on the material and shape of the para-magnetic sample. But the specific heats and the A.C. heatings have both been determined in terms of this same arbitrary scale and there is therefore no error from this cause in the values of the heat energy produced by the alternating current. A curve showing A.C. heatings gives true values of the heat energy but in terms of arbitrary temperatures as abscissae. Kiirti, Laine and Simon (1937) have recently extended their deter mination of the thermodynamic scale of temperature to temperatures well below the range used in these experiments. Their results have made it possible from knowledge of th e demagnetizing factor of the pellet, calculated from its length-to-diameter ratio, to correct the arbitrary temperatures obtained here to the corresponding absolute temperatures, and in the remainder of this paper temperatures are referred to the absolute scale.
S c r e e n i n g e f f e c t o f t h e V a c u u m Ca s e
In calculating the A.C. heatings in terms of the amplitude of the alter nating magnetic field, it is necessary to verify that the latter is not reduced by the screening effect of the vacuum case below the value calculated from the current in the primary coil. The screening has therefore been investigated directly in a subsidiary experiment but under the conditions of the other experiments. A coil was wound to the same dimensions as the pellet and substituted for it. The mutual inductance of this coil and the primary, with and without the cold vacuum case separating them, was measured by an alternating current method using the same 455 cycle input to the primary. No effect due to the vacuum case could be detected; the diminution in amplitude produced by screening is certainly less than 1 %.
T h e R e s u l t s 1-Variation with Temperature The A.C. heating is found to rise as the temperature is lowered, the in crease being more and more rapid the lower the temperature. The range used was from 0-035° K., the limit set by demagnetization with the magnet at our disposal, to 0-ll°K ., above which the heating was less than the normal drift and therefore too small to be measured in this way. In a typical experi ment with a field of 5-9 gauss the irreversible heating produced at 0-035° was at the rate of 0-0028°/min.; at 0-11° it was 0-00015°/min.
2-Variation with Frequency
The heatings at the two frequencies 328 and 455 are shown in fig. 2 . The ratio of these frequencies is 1-39, the square of which is 1-92. Within the experimental error the ordinates of the two curves in fig. 2 are in this ratio, which indicates that the heating is proportional to the square of the frequency. a 0 20 002° 004° 006° 008° 010° 012°K F ig . 2-V ariation of th e heating w ith tem perature.
3-Variation with Amplitude
It is found that the heating produced varies as the square of the applied amplitude. The presence of any magnetic saturation effect would cause a decrease below these values at higher amplitudes. On the other hand, the effect of any harmonics of higher frequencies in the oscillator output would be to cause an increase at higher amplitude, as these harmonics would then be excited in greater proportion and would produce a bigger heating. But since the measured heating remains exactly proportional to the square of the amplitude for both frequencies and over the whole temperature range, it seems that this is true of the actual alternating current heating, and that saturation and harmonics are both absent. D is c u s s io n These results may be discussed from two points of view; as to their theoretical significance and interpretation, and in their bearing on A.C. methods of temperature measurements. Considering the former it should first be stated that an explanation of the phenomena as arising simply from magnetic hysteresis is not tenable, since this would produce a heating proportional to the first power of the frequency. It does, however, seem possible, as will now be shown, to derive a consistent explanation in terms of a time lag of the form of a relaxation time.
The Relaxation Times
Any heating effect by an alternating field can be represented to a first approximation by a lag in the phase of the magnetization. If and cr = A sin (ojt +(/>), where H is the field and cr the induced magnetic moment, the irreversible heating per second is this expression and its derivation being analogous to that given by Debye (1934) for high frequency losses in dielectrics.* If o> t <^1 this expression takes the form The experimental results are of this form, and indeed they can be inter preted on this basis. For if is equated to the measured heating, values between 10~7 and 10~8 sec. are obtained for r which are consistent with the assumption (ot<^ 1. The values of r at different temperatures are shown in fig. 3 . The absolute values of the susceptibility and specific heat used in calculating them have not been determined directly for the pellet used, but have been assumed from previous determinations on similar pellets. There may be a constant error from this cause, but it will certainly not be greater than 10 %.
So far r occurs simply as a time constant whose existence is deduced from the form of the experimental results. To find its physical origin it is necessary to know what time relations are involved in the application of a magnetic field to a paramagnetic substance. This has been considered generally by Heitler and Teller (1936) . Under the conditions of the present experiments there are two time effects: the time for the magnetic ions themselves, the spins, to take up their stable orientations in the field, and the time for the energy of this magnetization to be communicated to the lattice.
The former process gives directly a lag of magnetization with respect to the applied field such as was assumed to explain the irreversible heating. The appropriate time constant t is given roughly by equating U, the energy of mutual interaction between the magnetic ions, to h/t, from which a value 10-9 sec. is obtained for t. This is of the same order as the value of r found experimentally, and this process must certainly contribute to the irreversible heating. 0 0 02° 004° 0 06° 0 08° 010° 012°K
iiG . 3-V ariation of th e relaxation tim e w ith tem p eratu re; the ordinates on th e left refer to the continuous*curve, those on the right to th e broken'one.
The time constant Z for the establishment of thermal eq spin system and lattice is estimated by Heitler and Teller to be of the order ol 40 sec. at 0-04° K. Heitler and Teller do not claim any great accuracy for this estimate, but even if it is considerably in error is now > 1, and an irreversible heating due to this second process would be independent of frequency, in contradiction to the experimental results. Also, such an irre versible heating would no longer be due to direct lag of magnetization behind the field; the magnetization could only be affected in so far as equalization of temperature between spin system and lattice reduces the temperature of the former. Now the specific heat of the spin system at these temperatures is so much greater than that of the lattice, by a factor of the order of 107 at 0-l°K ., that the spin system temperature would not change appreciably, and it seems therefore that irreversible heating by this indirect process is negligible in comparison with that due to the direct lag of the spins themselves. The experimental values of r may thus be interpreted as the time constant for the mutual interaction between the spins.
In fig. 3 the broken line giving the variation of logT with temperature is straight, which means that r can be represented as 2-3 x 10~7 e~3', '°'035 sec. T occurs in this formula in a somewhat unusual form, and as at present no theoretical interpretation can be given the formula should be regarded as empirical. It should, however, be pointed out that the characteristic temperature in this formula (0-035° K.) coincides very closely with the temperature of the Curie point, found in quite an independent way (Kiirti, Laine and Simon 1937) , which is also a temperature characteristic for the mutual interaction between the magnetic dipoles. This may mean that the formula has also some physical significance.*
Note on other Work
If we interpret the results of Giauque previously mentioned on the basis of a relaxation time, the value of r obtained for gadolinium nitrobenzene sulfonate heptahydrate at 0-25°, for instance, is found to be 5 x 10~7 sec. This is comparable with the values here determined for iron alum.
The experiments of Gorter on iron alum at much higher temperatures (in the region 15-70° K.) using frequencies of about 107 show a relaxation time of the order of 10-10 sec. independent of temperature. Extrapolation of the expression 2-3 x 10 ~7 et /o-035 to 15° K. gives a value 10_20° for r, n in comparison with 10_1°. On the other hand, the value 10~10 sec. is negligible in comparison with the values of r below 1°. It seems therefore probable that Gorter's experiments involve a different phenomenon from that interpreted here by the relaxation time r.
Temperature Measurement by Alternating Current Methods
From the experimental data it is evident how the effect of the relaxation heating may be minimized when measuring temperatures by alternating current methods. The following conditions must be observed:
(1) With iron alum only the region above 0-1° K. can be used. There is an apparent consequent loss of sensitivity since the decrease in suscepti-V bility for a rise A T in temperature is given by A x = i.e. Ax! A as 1 IT 2.This loss is, however, exactly counterbalanced by the larger A T for a given heat input, since the specific heat in this region falls off, with rising temperature, according to a 1 / T2 law. The upper limit to the temperature range available is fixed by a different consideration. The heat insulation of the cooled salt depends to a large extent on the extremely low vapour pressure of helium at these temperatures, so th at any gas still present when demagnetizing is condensed on the salt. On warming the salt no appreciable loss of insulation occurs due to desorp tion of this gas until about 0-4° K., which is thus the upper limit to the avail able temperature range for high accuracy calorimetry.
(2) A lower frequency must be used. The sensitivity, understood as the voltage induced in the secondary coil, falls off proportionally to the frequency. But since the relaxation heating falls off proportionally to the square of the frequency, there is a net gain in effective sensitivity.
(3) The amplitude must of course be reduced so far as the method of measurement will permit. The experiments described were all carried out with amplitudes more than ten times th at necessary for temperature measurement.
Using a magnetic field amplitude of one gauss with a frequency of 50, the calculated irreversible heating would produce a temperature rise of 4 x 10~8 degree/min. at 0-15°, which is less than the normal drift.
I t may be observed in conclusion th at a metal calorimeter may be used, as the early experiments with a German silver calorimeter, while not so accurate, gave results for the heatings which were certainly only of the same order as these purely relaxation heatings.
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The irreversible heating of iron ammonium alum by an alternating magnetic field has been measured between 0-035 and 0-ll°K . The heating is found to vary as the square of the field amplitude, and as the square of the frequency. It increases rapidly as the temperature is lowered.
If these results are interpreted by a relaxation time, corresponding to a lag between the applied magnetic field and the induced magnetization, it varies from 9 x 10~8 sec. at 0-035° K. to 10~8 sec. at 0-11° K.
It is shown that this time refers to that necessary for the magnetic ions, the spins, to take up their stable orientations in the field, rather than that necessary for the communication of the energy of magnetization from the spin system to the lattice system.
A discussion is given of the conditions under w'hich this irreversible heating may be minimized in calorimetric experiments with alternating current methods of temperature measurement.
